The DNA sequence motif ATTTGCAT (octamer) or its inverse complement has been identified as an evolutionarily conserved element in the promoter region of immunoglobulin genes. Two major DNA-binding proteins that bind in a sequence-specific manner to the octamer DNA sequence have been identified in mammalian species-a ubiq-
(termed POU for its presence in the Pit-i, Oct-l/Oct-2, and Unc-86 genes) and homeobox domain are 100% conserved between the two protein products. Together, our data show that the POU-containing subfamily of homeobox genes have been highly conserved during vertebrate evolution, apparently as a result of selection for their DNA-binding and transcriptional regulatory properties.
The conserved octamer sequence element can be found in a wide variety of promoters and enhancers (1) (2) (3) . In mammals, the octamer motif appears to be the chief determinant of the B cell-specific transcription of genes encoding both the immunoglobulin heavy and light chains (4, 5) . B cell-specific transcription of immunoglobulin genes is associated with the expression ofa B cell-specific octamer-binding protein, Oct-2 (6-10). The octamer sequence motif also appears to be an important transcriptional control element in promoters that are active in all tissues (3) . In these genes the octamer motif is apparently recognized by the ubiquitously expressed octamer-binding protein, Oct-1 (11) (12) (13) . Both the Oct-1 and Oct-2 proteins have been shown to function as transcription regulatory factors in in vitro assays (6, 11) .
During the last several years we have undertaken studies to characterize the developmental regulation of the avian immunoglobulin light chain locus. Since the avian immunoglobulin locus contains a single copy of the octamer sequence ATTTGCAT located 36 base pairs (bp) upstream of the functional TATA box in the rearranged gene (14, 15) , we wished to determine whether sequence-specific DNAbinding proteins might interact with the avian immunoglobulin gene promoter in a manner analogous to that described previously for the mammalian immunoglobulin gene promoter. Two distinct octamer-specific DNA-binding activities were found in nuclear extracts obtained from chicken B cells.
One factor shares properties with the mammalian lymphoidspecific octamer binding protein Oct-2, as it was expressed in high levels in mature chicken B cells but not in mature T-cell nuclear extracts. In contrast, in both B-and T-cell nuclear extracts, a higher molecular weight octamer-specific DNAbinding activity was observed. This complex appeared to be analogous to the mammalian Oct-1 DNA-binding activity. These data suggested that the genes encoding both Oct-1 and Oct-2 have been highly conserved in vertebrate evolution. To confirm this, a human Oct-2 cDNA probe (7) was used to screen an avian embryonic cDNA library under lowstringency conditions. Several positive clones were analyzed, and all were determined to encode a gene similar but not identical to the gene encoding Oct-2. By characterizing overlapping and genomic clones, an open reading frame of at least 2217 bp was identified. Sequence comparison of the chicken cDNA with the recently reported human gene for Oct-1 (13) revealed them to be virtually identical, displaying 90%o nucleic acid and 96% amino acid sequence identity. Both Oct-1 and Oct-2 genes are members of a homeobox gene subfamily whose members contain two independent DNAbinding protein-encoding domains termed POU and homeobox. Although homeotic genes have not been identified previously in avian species, cloning of the chicken Oct-1 gene demonstrates that at least one member of the POU subfamily of homeotic transcription factors has been highly conserved in vertebrate evolution.
MATERIAL AND METHODS
Cell Lines and Nuclear Extracts. The chicken B-cell line DT40 and T-cell line MSB1 were propagated as described (16) . Nuclear extracts from the cell lines were made according to the protocol of Dignam et al. (17) . Protein concentrations were determined by the Bio-Rad protein assay. Extracts were stored in small aliquots at -70°C.
Probes and Competitor DNAs. Fragments from the promoter region of the chicken gene for immunoglobulin light chain were isolated from the previously described immunoglobulin light chain genomic clone 564/8 (15) . After digestion Proc. Natl. Acad. Sci. USA 87 (1990) with Bal I and Nco I, a 206-bp fragment containing the promoter and upstream region was obtained. This fragment was end-labeled and used for electrophoretic mobility-shift assays. In subsequent experiments, complimentary 31-and 27-bp octamer-containing oligonucleotide probes were synthesized on an Applied Biosystems 380B DNA synthesizer. Oligonucleotides were designed so that the 5' antisense strand contained a 4-bp extension. Fragments were radiolabeled by filling in the extension with the Klenow fragment of polymerase I in the presence of [a-32P]dCTP and [a-32P]dTTP (18) .
Electrophoretic Mobility-Shift Assays. The binding reaction mixtures (20-pl) contained 10 mM Tris (pH 7.5), 50 mM NaCI, 1 mM dithiothreitol, 1 mM EDTA, and 5% (vol/vol) glycerol. The nonspecific competitor DNA, 0.5-1.0 gg of poly(dI-dC), was added to reduce nonspecific binding. Nonlabeled specific DNA fragments or oligonucleotides were used in competition experiments to test the specificity of protein binding. Extracted nuclear protein (1-10 ,ug) was used in a given assay, and the reaction was incubated for 250C for 10 min prior to addition of labeled probe (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (20) is not present. Using this fragment, we were able to detect two shifted complexes. The binding of the radiolabeled fragment to both complexes could be competitively blocked by the probe itself (data not shown). These complexes were similar in mobility to the complexes previously described for the octamer-binding proteins that bind to the octamer motif in mammalian immunoglobulin genes. To test directly whether or not the binding complexes we observed using the promoter fragment of the immunoglobulin light chain gene were the result of specific octamer-binding proteins, we synthesized 31-bp double-stranded oligonucleotides specific for the immunoglobulin heavy chain enhancer octamer motif (21) and two distinct double-stranded oligonucleotides in which the central octamer motif had been modified at a nucleotide position reported to be essential for octamer-binding proteins in mammals (4) . The synthesized immunoglobulin heavy chain-specific octamer oligonucleotide does not contain any significant flanking homology to that of the chicken immunoglobulin light chain octamer flanking nucleotides (Fig. 1A) . The three synthesized oligonucleotides were end-labeled and used in electrophoretic mobility shift assays with nuclear extracts obtained from the chicken B-cell line DT40 (Fig. 1B) . Two distinct complexes of altered mobility were obtained with the immunoglobulin heavy chain octamer-specific oligonucleotide. The binding of the radiolabeled octamer probe to both complexes could be completely blocked by a 10-fold molar excess of cold immu- Fig. 3B for an example), we found that the upper complex was present in nuclear extracts from a variety of tissues. In contrast, the lower complex was expressed primarily in immature lymphoid cells and B-cell lines (data not shown). Therefore, by analogy with the human proteins, the upper complex was named Oct-1 and the lower complex was named Oct-2. The single base-pair octamer mutations present in the oligonucleotides mutant-1 and mutant-2 blocked the binding of the probes to either protein complex. These data showed that the avian B-cell nuclear extracts contained one or more proteins that specifically bound to the octamer core sequence and suggested the possibility that the two shifted complexes represented the Oct-1 and Oct-2 binding proteins that have been described in mammalian species.
The Human Oct-2 Homeobox-Specific Probe Recognizes a Family of Homeotic Genes in the Chicken. In view of the apparent conservation of the octamer DNA-binding protein activity, we used a 200-bp fragment derived from the homeobox domain of a human Oct-2 cDNA to probe a Southern blot of genomic DNA from an inbred chicken. On each of eight separate restriction enzyme digests of genomic DNA, we observed a minimum of six homeobox-specific fragments (Fig. 2) . The small size of the probe suggests that the human Oct-2 homeobox hybridizes at low stringency with a family of homeotic genes or pseudogenes containing at least 6-10 members. This result demonstrates that at least some homeotic genes have been highly conserved within avian species.
Cloning of the Chicken Oct-1 Gene. To further characterize avian Oct-2-related homeotic genes, we screened a chicken embryo cDNA library as well as various B cell-specific cDNA libraries at low stringency, using a probe derived from the mammalian Oct-2 cDNA. Several overlapping cDNAs were obtained that upon sequence analysis odon TGA. The homology of several of the clones we isolated diverged at their 5' ends at points where consensus splice acceptor sites appeared. Therefore, these clones may represent either incompletely spliced heteronuclear RNA or alternatively spliced mRNA. The 3' ends of all of our clones ended in either the internal EcoRI site (position 1092; see Fig.  4 ) or in an adenosine-rich stretch that begins 121 bp 3' of the termination codon. This region lacks a consensus polyadenylylation signal and contains several nonadenosine base pairs and most likely represents an internal oligo(dT) priming region, which was used preferentially during cDNA synthesis. The open reading frame was found to be homologous but not identical to the mammalian Oct-2 gene. However, further characterization of our cDNA clones demonstrated that they were unlikely to represent the avian Oct-2 gene (Fig. 3) . Using an 880-bp Spe I/EcoRI fragment from the 3' end of clone 988u, we were able to determine that the gene was expressed as a 3.2-kilobase mRNA at approximately equal levels in both a chicken B-cell line, DT40, and a chicken T-cell line, MSB1. On some blots an additional 9-to 10-kb mRNA species could also be detected. Nuclear extracts from these two cell lines revealed that, while the B-cell line DT40 contained both the Oct-i and Oct-2 binding activities, the MSB1 cell line contained only the Oct-i-specific binding activity.
During the characterization of our clones, the sequence of the human gene encoding Oct-i was reported (13) . Sequence comparison between the open reading frame defined by our cDNAs and the human Oct-i gene revealed them to be nearly identical. Since we had only a partial cDNA with respect to the human Oct-i gene, we wished to determine whether the homology extended over the entire reading frame of the reported human Oct-i gene. Using the reported human Oct-i cDNA sequence to generate Oct-i-specific oligonucleotide sequencing primers, we were able to define and sequence three exons 5' of the end of our longest cDNA clone from a 17-kb genomic fragment. By this method we were able to demonstrate that homology between the avian and human Oct-i extends over the entire reported coding sequence ofthe mammalian Oct-i gene (Fig. 4) . The previously reported homeobox and POU domains are 100% conserved between the two proteins, and overall, there is a 96% amino acid and 90% nucleic acid sequence identity. Interestingly, 5' of the initial methionine reported in the human sequence, the chicken genomic fragment has another splice acceptor site that occurs within a continuous opening reading frame 5' of the methionine. This suggests that there may be additional coding sequences in both the human and chicken Oct-i genes because the reading frame of the human Oct-i gene is also in frame at the end of the 5' clone as reported by Sturm et al. (13) . DISCUSSION The recent cloning of human genes encoding Oct-1 (13) and Oct-2 (7) (8) (9) (10) has shown that both genes are members of a subfamily encoding homeobox proteins that contain a conserved subdomain called POU. This subdomain was identified through sequence comparisons of the rat Pit-1 transcription factor, the Oct-i and Oct-2 proteins, and the unc gene of the nematode Caenorhabditis elegans (22) . Subsequent studies have shown that both the homeobox and POU domains are important in determining the DNA-binding activity of this class of transcription factors (18, 23, 24) . Our work further demonstrates that this family of factors has been highly conserved during vertebrate evolution. In chickens, there appear to be at least 6-10 members of this subfamily of homeobox transcription factors. One interesting aspect of these homeobox transcription factors is that they appear to recognize slightly different variations of the octamer sequence motif (22, 25) . This suggests that the fine specificity of the DNA-binding interactions of these genes might be determined by differences in the amino acid sequences of the homeobox and POU domains. The 100% conservation in the POU and homeobox domains between chicken and human serves to underscore the importance of these regions in the function of the protein.
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Oct-i has been associated with such diverse functions as the transcription of the histone 2B genes, which are expressed in a cell cycle-dependent manner; the small nuclear RNAs, which are essential for the splicing of higher eukaryotic genes; and the origins of DNA replication (3, 26, 27) . All of these functions are central to the cell biology of higher eukaryotes. Therefore, it is not surprising that there has been selective pressure to maintain the primary structure of the Oct-i gene. The nucleotide sequence comparison of chicken Oct-i and human Oct-i demonstrates that this evolutionary conservation extends beyond the POU and homeobox domains. Overall there is 96% amino acid sequence identity between the two proteins. While this degree of sequence homology has been described for structural proteins such as histones (28) , it has not previously been reported for DNAbinding proteins. For example, the nuclear protooncogenes c-myc and c-myb have been reported to show only 70% and 82% amino acid sequence identity, respectively, between chickens and mammals (29, 30) . Nevertheless, they apparently retain DNA-binding activity and regulate vital nuclear functions involved in cell proliferation. Overall, the extent of genetic variation between chickens and humans has been estimated to be 20-25% (28) . These estimates and other evidence have suggested that chickens and humans have been diverging for 250-300 million years (28) . The 24% divergence we observed at the third base pair of each codon in Oct-i is in good agreement with these estimates. In contrast, significantly less nucleotide substitution has occurred at the first two positions of each codon. These positions display 2% and 1% divergence, respectively. Overall, of 212 base-pair substitutions between chicken and human Oct-i, only 25 encode amino acid changes, and 20 of those changes are conservative amino acid replacements.
At present it is not clear exactly how the diverse individual functions of the Oct-i gene are regulated. Further studies characterizing the transcription, mRNA splicing, and posttranslational modification of the Oct-i gene will help to define further how these factors contribute to the diverse functions ascribed to Oct-i. Interactions with other DNA-binding proteins may also be important in regulating the function of Oct-i. In view of the extensive conservation of Oct-i sequence during evolution, it is likely that such studies will define other important functional regions of the molecule in addition to the previously defined POU and homeobox domains.
